The ratio of the neutron-induced fission cross-sections of 243 Am and 235 U was measured in the energy range from 0.5 to 20 MeV with uncertainties of ≈4%. The experiment was performed at the CERN n TOF facility using a fast ionization chamber. With the good counting statistics that could be achieved thanks to the high instantaneous flux and the low backgrounds, the present results are useful for resolving discrepancies in previous data sets and are important for future reactors with improved fuel burn-up.
Introduction
Nuclear energy may play an important role in future as part of the global energy mix. This energy source is critical to correct the world's energy imbalance, with 1.6 billion people not having access to electricity as an essential commodity for development. Many of the new power reactors now being constructed are located in developing countries and in China. The importance of nuclear power is also related to the fact that the reduction of CO 2 emission responsible for the greenhouse effect is currently a worldwide objective. Energy from nuclear reactors, in conjunction with renewable energy sources, may allow to achieve this goal.
On the other hand, there are a number of concerns that need to be addressed in the areas of nuclear safety, security, and non-proliferation. Most importantly, a reduction of the high-level nuclear waste is a fundamental pre-requisite for public acceptance of this energy source. Among the long-lived transuranium isotopes in the nuclear waste, the minor actinide (MA) isotope 243 Am plays an important role, because it contributes to the long-term production of 239 Pu via α-and subsequent β-decay. Advanced Generation-IV reactors based on fast neutron spectra could be used to close the fuel cycle by minimizing the production of MAs via neutron-induced fission. The development of such reactors requires an accurate and consistent knowledge of neutron-induced fission cross-sections of heavy nuclei over a wide energy range. In a comparison of uncertainties quoted for evaluated data and the target accuracy assessment for innovative systems [1, 2] , it was found that accuracies of 2% and 7% for the 243 Am(n, f) cross-section are required for the development of a Sodium-cooled Fast Reactor (SFR) and for Advanced Minor Actinides Burner (ADMAB), respectively.
Existing experimental data have been obtained in a number of measurements [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, severe discrepancies among these data are limiting the accuracy of evaluated data files to ≈10%. Unrecognized systematic uncertainties, e.g., due to the α activity of the sample isotopic impurities, could be possible reasons for the large differences between previous results. Apart from the careful discussion of systematic effects, the present experiment has the advantage of covering a wide range of neutron energies with very good resolution, an aspect that is particularly important in view of the fission threshold of 243 Am near 0.5 MeV.
An extensive measurement campaign for reducing the uncertainties of the fission cross-section of 243 Am has been carried out at the neutron time-of-flight facility n TOF at CERN, taking advantage of very high instantaneous neutron flux and extremely low duty cycle, which allows one to minimize the background related to the α activity of the sample. The present work focuses on the fission cross-section of 243 Am in the energy range from 500 keV to 20 MeV. The experiment is described in sect. 2, followed by the data analysis procedure in sect. 3. The extracted cross-section and the comparison to previous data are presented in sect. 4.
Experiment

Characteristics of the neutron beam
The measurement was performed at CERN using the pulsed neutron beam of the n TOF facility. Neutrons are generated by means of spallation reactions on a massive lead target, induced by a high-energy proton beam (20 GeV), with high intensity (7×10 12 protons per bunch), short pulse width (6 ns), and low duty cycle (1 pulse every 2.4 s) [13] . In particular, the combination of the high instantaneous flux of 10 5 neutrons/cm 2 /pulse at the sample position and the extremely low duty factor of the n TOF facility are instrumental for the strong reduction of the background related to the high α activity of the sample.
The spallation target itself in combination with a 5.8 cm thick layer of cooling water surrounding it acts as moderator for the spallation neutrons. The experimental area at a distance of 187 m is connected with the target by an evacuated flight path with two collimators at 137 and 176 m. The various backgrounds components are suppressed by a 1.5 T sweeping magnet, heavy concrete walls, and a 3.5 m thick iron shielding located along the beam line [14] . The beam line extends 12 m beyond the experimental area to minimize the effect of back-scattered neutrons.
The experimental setup
The measurement has been carried out with a setup consisting of a stack of 16 fast ionization chambers in a common housing, thus allowing the simultaneous measurement on several isotopes [15] . Each chamber is made of a central Al cathode 100 μm in thickness plated on both sides with sample material, and two 15 μm thick Al anodes at a distance of 5 mm from the cathode for the definition of the electric field. The electrodes are 12 cm in diameter, while the sample deposit itself is 8 cm in diameter to match the size of the neutron beam. The detector setup is operated with a gas mixture of 90% Ar and 10% CF 4 at a pressure of 720 mbar.
The samples were prepared by means of the painting technique. The eight 243 Am samples consisted of material with 97.0% enrichment in 243 Am and an 241 Am admixture of 2.6%, whereas the two 235 U reference samples were made from almost isotopically pure material (99.992% 235 U). The α activity of the Am samples was of 7.390 MBq. More information on the samples used in the present measurement are given in table 1.
The long flight path between the spallation target and the experimental area assures high-resolution incident neutron energy determinations. Fission events were detected via the energy deposited in the gas by the fission fragments exiting the very thin layers of fissile material.
The detector signals were recorded using the standard n TOF data acquisition system based on fast digitizers with a sampling rate of 100 MSamples/s [16] . 
Data analysis, corrections and uncertainties
For each fission event, the first step in data analysis consists in the off-line determination of the energy deposited in the detector by the fission fragments as well as their TOF.
In order to correct for absorption losses in the samples and for the threshold effect imposed by the α activity, realistic Monte Carlo simulations of the detector response were performed [15] with the FLUKA code [17] . The kinetic energy and mass of the fission fragments were randomly generated according to the respective distributions [18] . Energy losses by α particles and fission fragments in the gas volume and in the sample were carefully investigated, showing that the distribution of deposited fragment energy is well separated from the α background, as shown in fig. 1 . The simulations showed also that the detector works properly if the event rate is lower than ≈65 MHz [15] . Because the total α activity of 243 Am is a factor of 10 lower than this limit, pile-up effects are very small in this measurement.
The experimental distributions are well reproduced by the simulations [15, 19] . In particular, defining a lower threshold of 20 MeV in the deposited energy spectrum allows one to remove completely the α component from the measured fission yields.
The neutron energy associated with a fission event was extracted using the TOF energy relation provided by the calibration of ref. [20] , which is based on the neutron production mechanism in the spallation target and the subsequent moderation process [14] . The length of the flight path was obtained by means of the analysis of the wellknown 235 U resonances [20] . The 243 Am(n, f ) cross-section has been extracted relative to the 235 U(n, f ) cross-section, which is an established standard in the neutron energy range from 0.15 to 200 MeV [21] , according to the following expression:
Here c is a correction factor depending on the incident neutron energy (E n ) that combines the detection ef- ficiencies and dead-time effects, and σ 235U (n, f ) is the tabulated ENDF/B-VII.0 version of the 235 U(n, f ) crosssection [22, 23] . N denotes the number of detected fission events, m the sample mass, and A the atomic mass of considered isotope.
Both samples were exposed to the same neutron flux and were measured with very similar detectors showing nearly identical efficiencies and signal shapes. Therefore, the application of the ratio method in comparison with a direct measurement has the significant advantage of minimizing the systematic uncertainties, especially with respect to the determination of the neutron flux.
The detector response to the 243 Am and 235 U samples differs slightly due to differences in sample thickness, which affects the detection efficiency, and in the count rate, which leads to slightly different dead-time and pileup corrections. These differences are of the order of a few percent and must be carefully evaluated for an accurate cross-section determination. These sample-related corrections are expressed as
where ε represents the efficiency for the detection of fission fragments and d the loss of counts due to dead time and pile-up. The detection efficiency depends essentially on the sample thickness and on the 20 MeV threshold for the deposited energy. From the Monte Carlo simulations described above, the efficiencies were found to be 99.7% and 95.1% for 243 Am and for the thicker 235 U sample, respectively. The resulting efficiency correction is 4.6%.
With the data acquisition system used at n TOF, which is based on flash ADCs [16] , dead-time problems are strongly reduced. However, a small effect persists because the signal reconstruction routine operates with a resolution time of 270 ns. The necessary corrections have been evaluated by means of a non-paralyzable model, where the instantaneous count rate was determined for each sample as a function of neutron energy. Average dead-time corrections are 5%, with a maximum of 10% at 2 MeV neutron energy.
The overall uncertainty of the present 243 Am(n, f ) cross-section includes also contributions related to the sample masses, to the 235 U(n, f ) cross-section, to the beam energy resolution, and to the counting statistics. The determination of the sample masses by α spectroscopy leads to an uncertainty of 1.9% with almost equal contri- butions of 1.3% and 1.35% from 243 Am and 235 U, respectively. The uncertainty of the 235 U reference cross-section is typically 2% in the energy region of interest here [21] , and the corrections for the detection efficiencies and deadtime effects are estimated to add uncertainties of the order of 1.0% each. For most of the energy range covered by the present analysis, the uncertainty in neutron energy is determined by the time resolution of the initial proton beam and increases from about 0.1% at 0.5 MeV to 0.6% at 20 MeV [14] . The resulting systematic uncertainty of the 243 Am(n, f ) cross-section is ≈3%. If the data are given with a resolution of 20 bins per energy decade, the statistical uncertainty per bin is also ≈3%, resulting in a total uncertainty of typically 4%.
Results
The neutron-induced fission cross-section of 243 Am was measured relative to that of 235 U in the energy range between 0.5 and 20 MeV. The corresponding cross-section ratios σ( 243 Am)/σ( 235 U) and the final values for the 243 Am fission cross-section are summarized in table 2. The present results are compared with previous data and evaluations in figs. 2, 3 and 4. Energy-integrated crosssections in the region of overlap with previous data sets are compared in table 3.
Comparison with previous measurements
In some of the previous studies the 243 Am(n, f ) crosssection has been obtained with the same technique as used in the present experiment [5, 6, 10] , i.e. by measuring the cross-section ratio 243 Am(n, f )/ 235 U(n, f ). To avoid systematic effects in the determination of the 243 Am(n, f ) cross-section due to the 235 U(n, f ) reference cross-section, the measured 243 Am(n, f )/ 235 U(n, f ) ratios are directly compared in fig. 2 .
Significant discrepancies of up to 20% are found with respect to the older cross-section ratios [6, 10] , while the present results are in good agreement with the data of Fomichev et al. [5] , except for some differences above 10 MeV.
The absolute fission cross-section of 243 Am determined at n TOF is compared with previous data given in refs. [3, [7] [8] [9] 11, 12, 23] in fig. 3 . We remind that in the present work the 235 U(n, f ) cross-section from ENDF/B-VII.0 was used as reference to extract the absolute value from the measured cross-section ratios. The left panel of fig. 3 highlights the energy range of the fission threshold and the right panel covers the first fission plateau and the opening of the second-chance fission channel.
A general agreement is found with the previous measurements. However, differences are present in the energy scales introducing a broadening of the thresholds for the opening of the channels for first-and second-chance fission. In particular, the data of Seeger et al. [11] appear to be shifted by approximately 50 keV relative to the other experimental results. Good agreement is also found with the recent data of Laptev et al. [4] . Unfortunately, the information given for the 243 Am target used in that experiment is incomplete [23] so that the data can only be used for a comparison of the cross-section shape.
For those data sets showing a fair agreement in the cross-section shapes, the average differences to previous measurements are summarized in table 3 by comparison of the energy-integrated cross-sections over the energy range of overlap.
Comparison with evaluated data
The present results for the fission cross-section of 243 Am are compared in fig. 4 with the most recent evaluations from ENDF/B-VII.0 [23] and from JENDL-4.0 [24] , as well as from a new evaluation performed with the nuclear reaction model code Empire [25] . The Empire code defines an optical model for fission, in approximation of partial damping, based on a two-humped barrier formalism. A more extended evaluation of neutron cross-sections of Am isotopes inside the framework of the Empire model, which will take into account also the new n TOF data on 241 Am, is planned and will be described in detail elsewhere after completion.
Up to the threshold for second-chance fission there is very good agreement with all evaluations, but at higher energies only the Empire evaluation well reproduces present data. This is reflected in the comparison of table 3 by the larger difference of the energy-integrated cross-section of the JENDL case. We have to stress that, even though the ENDF/B-VII.0 evaluation presents the best result between those listed in table 3, this is an artifact due to the average of significant under and overestimations of the present fission cross-section above 10 MeV. In addition to the examples shown in fig. 4 , the evaluated fission cross-section of 243 Am from all main data libraries [23] are included in table 3 as well.
Conclusions
The fission cross-section of 243 Am has been measured at the CERN n TOF facility relative to that of 235 U. Results are reported in the energy range between 0.5 and 20 MeV with uncertainties of ≈4%. The possible systematic uncertainties due to sample masses, α backgrounds, detection efficiencies, and dead-time corrections were carefully considered.
For the fission cross-section ratio of 243 Am and 235 U, the present results are in good agreement with the most recent measurement [5] . This holds also for the deduced (n, f ) cross-section of 243 Am, where the data of Aiche et al. are consistent with this measurement. However, it must be noted that there are differences in the energy range between 10 and 20 MeV, where the present data agree well only with the 30-year-old data of Behrens and Browne [10] . In summary, the present results suggest that a slight tuning of the evaluations for energies higher than 8 MeV seems to be in order. Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
